HE gray matter of the spinal cord mainly consists of nerve cells, whereas the white matter consists of dendrites and axons. The gray matter has been thought to be softer than the white matter, although no definite evidence to this effect has been published. In 1954, Schneider, et al., 9 stated that because hemorrhage spreads in the central part of the spinal cord through several segments causing compression of the white matter, the gray matter has a relatively looser texture and less supportive strength. In 1997, Levine, 6 operating under the assumption that gray matter is slightly less rigid than white matter, conducted a study on the stress distribution in the spinal cord in cases of cervical spondylotic myelopathy by using finite element analysis. No authors, including the aforementioned ones, have presented data on the mechanical properties of the gray and white matter. The main reason for the lack of mechanical testing may be the extreme softness of the spinal cord. It is difficult to separate the spinal cord into gray and white matter and to grasp each for mechanical testing. In the present study, the moduli of elasticity of the gray and white matter were measured in situ by using a pipette aspiration method, which we have developed for the assessment of soft biological tissue.
HE gray matter of the spinal cord mainly consists of nerve cells, whereas the white matter consists of dendrites and axons. The gray matter has been thought to be softer than the white matter, although no definite evidence to this effect has been published. In 1954, Schneider, et al., 9 stated that because hemorrhage spreads in the central part of the spinal cord through several segments causing compression of the white matter, the gray matter has a relatively looser texture and less supportive strength. In 1997, Levine, 6 operating under the assumption that gray matter is slightly less rigid than white matter, conducted a study on the stress distribution in the spinal cord in cases of cervical spondylotic myelopathy by using finite element analysis. No authors, including the aforementioned ones, have presented data on the mechanical properties of the gray and white matter. The main reason for the lack of mechanical testing may be the extreme softness of the spinal cord. It is difficult to separate the spinal cord into gray and white matter and to grasp each for mechanical testing. In the present study, the moduli of elasticity of the gray and white matter were measured in situ by using a pipette aspiration method, which we have developed for the assessment of soft biological tissue.
Materials and Methods

Specimen Preparation
Animal experiments and treatments were conducted in accordance with the Guide for Animal Experimentation at Tohoku University. Eight Japanese white rabbits weighing an average of 2600 g (range 2400-2800 g) were killed by intravenous injection of a high dose of pentobarbiturate. The C4-6 spinal column containing the spinal cord was excised from each rabbit. Using an osteotome, each column was transversely cut at the level of the intervertebral discs. Three spinal cord specimens were removed from their respective vertebral canals and they were immediately placed in physiological saline at room temperature (16˚C) until mechanical testing. Each of three-dimensional cross sections (axial, frontal, and sagittal) was displayed as follows by using a microslicer: a specimen was cut transversely for the axial section; the second specimen from the same rabbit was vertically cut anterior to the central canal for the frontal section; and the last specimen was cut in the middle of the right half of the spinal cord for the sagittal section. The gray and white matter were distinguished by their colors on the surface of each cross section.
The specimens were treated carefully and quickly so that testing was completed within 15 minutes after cutting with the microslicer. As long as each specimen was only visually inspected, the surface of the specimens did not begin dissolving into the physiological saline within 30 minutes after the cutting. We examined the degree of autolysis in histological sections of three specimens obtained Object. Although the gray matter of the spinal cord has been thought to be softer than the white matter, there is no evidence to support this belief. Because the spinal cord is extremely soft, it has been difficult to measure the mechanical properties of the gray and white matter. The modulis of elasticity of the gray and white matter were measured in situ by using a pipette aspiration method.
Method. The spinal cord specimens were excised from Japanese white rabbits. Specimens were cut to display the surfaces of axial, frontal, and sagittal sections. The surfaces of the gray and white matter were aspirated using a 0.8-mm-innerdiameter glass pipette while monitoring with a video microscope, and the deformed length in the pipette was measured on a monitor. In each case the modulus of elasticity was calculated by comparing the relationship between the aspiration pressure and aspirated volume of the specimen with that determined by finite element analysis.
The moduli of elasticity of the gray and white matter were 3.4 Ϯ 1.4 kPa (mean Ϯ standard deviation) and 3.4 Ϯ 0.9 kPa in the axial section, 3 Ϯ 0.3 kPa and 3.5 Ϯ 0.5 kPa in the frontal section, and 3.5 Ϯ 0.9 kPa and 2.8 Ϯ 0.4 kPa in the sagittal section, respectively.
Conclusions. No significant difference in modulus of elasticity was shown between the gray and white matter of the spinal in sections made in various directions.
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T from an animal after mechanical test. No evidence of autolysis was demonstrated in any of the specimens. All experiments were finished within 1 hour after the rabbit was killed.
Experimental Apparatus and Procedure
The experimental setup used in the present study was similar to that used by Ohashi, et al., 7 except for the apparatus used to apply negative pressure to the specimens (Fig. 1) . As a substitute, we used a small vacuum pump with a large reservoir (20 L) to control the negative pressure precisely.
Each specimen was fixed on a cork plate by pins with the cut surface to be measured facing upward. Care was taken not to apply any external load. A glass pipette (0.8 mm in inner and 1.09 mm in outer diameter) was connected to a reservoir and a pressure transducer with silicone tubing. All of the tubing was filled with physiological saline. The transducer was calibrated with a mercury manometer before each experiment. The color was noticeably different between white and gray matter on the cut surface. After a micromanipulator was used to set the tip of the pipette perpendicular to the gray or white matter appearing on the cut surface of the specimen, negative pressure was applied at a rate of Ϫ1 cm H 2 O/second (range 0 to Ϫ5 cm H 2 O). To measure the moduli of elasticity of the gray and white matter separately, the pipette was applied to areas at least 1 mm apart from the boundary between the two types of matter. The deformation process of the aspirated tissue into the pipette was observed on a video monitor through a video microscope. The aspirated length was measured with a video dimension analyzer and the pressure-deformation curve was continuously recorded on an X-Y recorder.
Determination of Local Modulus of Elasticity
In a separate study, 1 finite element analysis of the pipette aspiration method was performed.
The initial value of the modulus of elasticity (that is, the Young modulus) was calculated by comparing the pressure-deformation curve obtained in the experiment with that in the finite element analysis.
Statistical Analysis
All data are expressed as a mean Ϯ standard deviation and were analyzed using a commercially available computer program. Statistical differences between the gray and white matter on each section were analyzed using the unpaired Student t-test. The differences among axial, frontal, and sagittal sections were analyzed using the Kruskal-Wallis test. A value of p Ͻ 0.05 was considered significant in all analyses.
Sources of Supplies and Equipment
We obtained the microslicer (model TDK 1500) from Dosaka EM (Osaka, Japan). The vacuum pump (model VP0125) was purchased from Nitto Koki (Tokyo, Japan). The video microscope (model OVM1000NM) used to observe the deformation process was manufactured by Olympus (Tokyo, Japan). Elcow (Hakadate, Japan) produces the video dimension analyzer (model E-1000) used to measure the aspirated length of the tissue. We analyzed the data with the StatView computer program (Cary, North Carolina).
Results
The pressure-deformation curves revealed typical hysteresis (Fig. 2) . Accordingly, the pressure-deformation relationship during aspiration was different from that during unloading, indicating that the spinal cord has marked viscoelasticity.
The moduli of elasticity of the gray and white matter were 3.4 Ϯ 1.4 kPa and 3.4 Ϯ 0.9 kPa in the axial section, 3 Ϯ 0.3 kPa and 3.5 Ϯ 0.5 kPa in the frontal section, and 3.5 Ϯ 0.9 kPa and 2.8 Ϯ 0.4 kPa in the sagittal section, respectively. The difference between the modulis of elasticity of the gray and white matter was neither significant in each section nor among all sections (Fig. 3) .
Discussion
There have been several studies on the mechanical properties of the spinal cord. 2, 5, 11 In 1978, for example, Tunturi 11 measured the longitudinal elasticity of the canine spinal cord in situ based on its load-elongation curve. After removal of the laminae and opening the dura mater, he attached nonelastic threads to both ends of a spinal cord segment, and fastened one thread to a vertebra and the other thread to a balance over a pulley. The modulus of elasticity of the spinal cord substance was estimated to be 16.8 kPa for lower loading and 11.9 kPa for higher loading. In 1996, Bilston and Thibault 2 obtained fresh cervical spinal cord samples with the pia mater from cadavers. The spinal cord sample was mounted on grips of a testing machine and was elongated uniaxially at a preset strain rate. The force was measured by a load cell and the elongation by the cross-head motion in the testing machine. Based on these data, they reported that the modulus of elasticity of the spinal cord with the pia mater averaged 1.23 MPa. The spinal cord, however, has never been tested without the pia mater. Furthermore, its gray and white matter have never been tested separately.
The pipette aspiration technique was originally applied to the measurement of the mechanical properties of red cells and endothelial cell membranes of vessels. 4 By changing the diameter of the pipette, any size of soft tissue can be tested. 8 One of the advantages of this method is that different areas in a specimen can be measured in situ. The computer simulation has indicated that the modulus of elasticity obtained by this method is an averaged one of the hemispheric area with the diameter corresponding to the pipette diameter at its tip. 1 When using this method of measurement, the prerequisite condition of specimens is that they are soft enough to deform under the aspiration pressure applied through the pipette. In the present study, by using a thin pipette of 0.8 mm in diameter, the modulis of elasticity of the gray and the white matter could be measured separately in situ.
One of the limitations of this study is that we had to cut specimens to display the surface to be aspirated. Because nerve cells connect with their axons and dendrites in the gray matter and dendrites and axons adhere to each other in the white matter, cutting of the specimen would break such connections, and the tissue adjacent to the cut surface may become loose. The Young modulus measured on the surface of the gray and white matter may thus be a little lower than that measured in vivo. Nevertheless, at present there is no experimental evidence to refute the absence of significant difference in moduli of elasticity found between the gray and white matter in the present study.
To discuss how accurately the results of the present study reflect an in vivo model, the autolysis of the specimen and the differences in the condition of the spinal cord between in vivo and experimental conditions must inevitably be considered. As to blood vessels, no changes in contractile characteristics or elastic properties within 48 hours have been found. 3 In the present study, specimens were measured within 1 hour after the rabbit was killed. The body temperature of a living animal (37˚C) was higher than the saline used (16˚C). Generally speaking, materials become softer when temperature increases. Thus, the modulus of elasticity of the spinal cord in vivo may be lower than that determined in the present study because of the difference in the ambient temperature; on the other hand, it may be higher when the mechanical constraint in the vertebral canal is considered. The spinal cord is stretched in the cephalic-caudal direction under physiological conditions. 11 The modulus of elasticity of the spinal cord may increase due to this stretch. Taken together, it is not clear at this stage whether the measurement obtained in the present study is higher or lower than that of the spinal cord in vivo. We believe, however, that the moduli of elasticity of the gray and white matter would be the same even under the in vivo condition because the temperature would be the same between the two tissues, as would the mechanical stretch. It is our next target to create an experimental condition as similar to an in vivo condition as possible.
In 1973, Tominaga 10 made a cervical spinal cord model with epoxy synthetic resin on the assumption that gray matter was soft and loose compared with white matter, and he analyzed the stress distribution under compression by a two-dimensional photoelastic method. He concluded that greater stress was concentrated on the central-to-posterolateral areas and then on the whole of the spinal cord as the compression increased. Based on this experiment, together with their analysis of symptoms and signs, Tominaga and Hattori classified cervical myelopathy into the following three types: 1) the central type with a lesion of the gray matter; 2) the posterolateral type with a lesion of the gray matter and pyramidal tract; and 3) the posteroanterolateral type with a lesion of the gray matter, pyramidal, and spinothalamic tracts. In the present study, however, no apparent difference was found between the moduli of elasticity of the gray and white matter despite their inherent differences. Accordingly, the classification of cervical myelopathy should be reevaluated from the viewpoint of the stress distribution based on the results of the present study.
Conclusions
Based on our experiments, no significant difference in modulis of elasticity was shown between the gray and white matter of spinal cord specimens in any of the three cross sections.
